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ABSTRACT Fluorescence photobleaching recovery with total internal reflection illumination (TIR-FPR) has been used to measure the
dissociation kinetics of a fluorescein-labeled anti-dinitrophenyl monoclonal Fab specifically bound to supported monolayers composed
of a mixture of dipalmitoylphosphatidylcholine and dinitrophenyl-conjugated dipalmitoylphosphatidylethanolamine. The fluorescence
recovery curves were not monoexponential; when analyzed as a sum of two exponentials, the rates and fractional recoveries were 1
s-' (z50%) and 0.1 s-1 (30%). The data did not change as a function of the Fab solution concentration, indicating that the
fluorescence recovery curves were not influenced by the rate of diffusion in bulk solution. Also, the recovery curves were independent of
the size of the illuminated area, indicating that surface diffusion did not significantly contribute to the rate and shape of the fluorescence
recovery. The measured off rates and apparent association constant (1.6 X 105 M-') were analyzed with the theoretical formalism for a
proposed mechanism that accounts for the nonmonoexponential kinetics.
INTRODUCTION
The association of antibodies with cell surfaces is a key
molecular event in antibody-mediated immune mecha-
nisms such as complement activation, phagocytosis, B
cell regulation, and antibody-dependent, cell-mediated
cytotoxicity. The relationship of the thermodynamic
and kinetic aspects of antibody-membrane interactions
to the sequence of signals that ultimately lead to these
immune responses is not yet well understood. The de-
tails of the association of antibodies with surfaces are
also ofimportance in the development and characteriza-
tion of biosensors and immunodiagnostic devices.
One method of investigating the interaction of anti-
bodies with membrane-like surfaces is to use phospho-
lipid Langmuir-Blodgett monolayers or bilayers depos-
ited on planar substrates (Thompson et al., 1988;
McConnell et al., 1986). Previous work has shown that
anti-dinitrophenyl (DNP) monoclonal antibodies can
bind to these planar model membranes if they contain
DNP-conjugated phospholipids. The ability of anti-
DNP antibodies to bind to the membrane surfaces and
the subsequent spatial arrangements and lateral and ro-
tational mobilities of the bound antibodies are sensitive
functions of the physical and chemical properties of the
membranes (e.g., Piepenstock and Losche, 1991; Timbs
et al., 1991; Timbs and Thompson, 1990; Pisarchick and
Thompson, 1990; Tamm, 1988; Subramaniam et al.,
1986; Kimura et al., 1986; Uzgiris and Kornberg, 1983).
In addition, immunological cells containing surface re-
ceptors for antibodies specifically bind to and metaboli-
cally respond to antibody-coated supported phospho-
lipid monolayers (Weis et al., 1982; Hafeman et al.,
1981).
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A technique for quantitatively characterizing the asso-
ciation of fluorescently labeled molecules with sup-
ported planar membranes is total internal reflection fluo-
rescence microscopy (TIRFM; Hellen et al., 1988; Ax-
elrod et al., 1984; Mahan and Bitterli, 1978). In this
technique, the thin evanescent field created by a totally
internally reflected light source selectively excites mem-
brane-bound fluorescent molecules. TIRFM illumina-
tion has recently been used to examine the association at
apparent equilibrium of a variety ofbiochemical ligands
with specific sites on model membrane surfaces (e.g.,
Pearce et al., 1992; Poglitsch et al., 1991; Kalb et al.,
1990; Tendian et al., 1990; Poglitsch and Thompson,
1990; Hlady et al., 1988/1989; Sui et al., 1988; Darst et
al., 1988).
When total internal reflection illumination is com-
bined with fluorescence photobleaching recovery (TIR-
FPR), the data contain information about surface bind-
ing kinetic rates and/or surface diffusion coefficients
(Abney et al., 1992; Thompson et al., 1981). In this tech-
nique, surface-bound, fluorescently labeled ligands are
bleached by a high intensity pulse ofthe evanescent field
and subsequent fluorescence recovery is monitored as
surface-bound, bleached molecules exchange with un-
bleached molecules in solution. This kinetic method has
been applied to only a few model systems, including pri-
marily nonspecific protein absorption on bare or poly-
mer-coated quartz (Zimmerman et al., 1990; Schmidt et
al., 1990; Tilton et al., 1990a, b; Axelrod et al., 1986;
Burghardt and Axelrod, 1981), but also, more recently,
to protein binding at model and natural membrane sur-
faces (Pearce et al., 1992; Hellen and Axelrod, 1991;
Weis et al., 1982). Here, TIR-FPR is applied to the bind-
ing kinetics of Fabs from a monoclonal anti-DNP anti-
body (ANO2) at supported phospholipid monolayers
containing DNP-conjugated phospholipids.
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MATERIALS AND METHODS
Antibodies
Polyclonal sheep IgG (Sigma Chemical Co., St. Louis, MO)and fluores-
cein-labeled mouse IgG Fab (Jackson ImmunoResearch, Inc., West
Grove, PA) were obtained commercially and dissolved in phosphate-
buffered saline (PBS; 0.05 M sodium phosphate, 0.15 M sodium chlo-
ride, and 0.01% sodium azide, pH 7.4). The labeled (F-) mouse IgG
Fab was further purified with Sephadex G25M chromatography
in PBS.
The mouse monoclonal IgG I anti-DNP antibody ANO2 (Balakrish-
nan et al., 1982a) was purified from hybridoma supernatants by affin-
ity chromatography using DNP-conjugated human serum albumin
(DNP-HSA). Antibodies were eluted with 0.01 M N-2,4-dinitrophen-
ylglycine (DNP-G) in PBS followed by extensive dialysis against PBS
(Pisarchick and Thompson, 1990). ANO2 Fab fragments were pre-
pared by treating intact ANO2 with preactivated (30 min, 37°C) pa-
pain in 0.1 M sodium phosphate, 0.01% sodium azide, 10 mM cys-
teine, and 8 mM EDTA, pH 7.2 at a 1:100 ratio (wt/wt) of papain to
ANO2 for 20 h at 37°C. The digestion mixture was quenched with 20
mM iodoacetamide for 1 h at 0°C. The ANO2 Fab fragments were
purified from the digestion mixture using gel filtration (Sephadex G75-
200, 1.5 cm x 67 cm, 0.3 ml/min, 1 ml sample volume, 250C) in PBS.
SDS-PAGE with silver staining showed that the primary impurity in
the digestion mixture was of low molecular weight (<20 kD) and that
no detectable intact antibodies were present. The low molecular weight
impurities were removed by the gel filtration column.
ANO2 Fab fragments were labeled with fluorescein isothiocyanate
(F-; Molecular Probes, Inc., Junction City, OR) by treating 0.6 mg/ml
ANO2 Fab in 0.1 M NaHCO3/Na2CO3, pH 9.5, with a 66 M excess of
dye dissolved in dimethylsulfoxide for 1 h at 25°C. The volume of
added dimethylsulfoxide was <5-10% of the total volume. The
F-(ANO2 Fab) was further purified by sequential chromatography
with Sephadex G50-80 in PBS (to remove unreacted fluorescein),
DNP-HSA (to remove digestion products other than DNP-active
ANO2 Fabs), Sephadex G50-80 in PBS (to remove the majority ofthe
DNP-G from the elution buffer for the DNP-HSA column), and dialy-
sis against PBS for 1I wk.
Absorption spectroscopy indicated that <5% of the antigen binding
sites remained occupied with DNP-glycine after purification by gel
filtration and dialysis. The Fab concentrations and the molar ratios of
fluorescein to Fab (0.4-2.5 for ANO2 Fab and 0.4 for mouse IgG Fab)
were determined spectrophotometrically (Timbs and Thompson,
1990). The relative fluorescence intensities of different labeled anti-
body preparations were determined spectrofluorometrically (SLM
model 8000C, X,, = 480, Xem =495-630, 20,ug/ml).
Supported phospholipid monolayers
Solid-like phospholipid monolayers were composed of dinitrophenyl-
aminocaproyldipalmitoylphosphatidylethanolamine (DNP-cap-DPPE;
Avanti Polar Lipids, Inc., Birmingham, AL) and dipalmitoylphosphati-
dylcholine (DPPC; Calbiochem Corp., La Jolla, CA) (25:75, mol/
mol) or of DPPC. Lipids were spread at 100 A2/molecule on the air/
water interface of a Joyce-Loebl Langmuir trough (model 4; Vickers
Instruments, Inc., Malden, MA) at room temperature (21-250C). The
monolayers were compressed at 1-3 A2/molecule per min to a final
pressure of 35 dyn/cm and deposited on fused silica microscope slides
pretreated with octadecyltrichlorosilane (Aldrich Chemical Co., Mil-
waukee, IL) by vertical dipping at z5 mm/min (Timbs et al., 1991).
All antibodies were clarified by 0.22-ztm filtration and sedimentation
at 134,000 g for 30 min before use with supported monolayers. Sam-
ples were prepared for fluorescence microscopy by treating supported
monolayers in PBS with 100 Al of 1 mg/ml sheep IgG/PBS for 5 min to
block nonspecific binding sites and then with 200 ,l ofF-(ANO2 Fab)
or F-(mouse IgG Fab) containing 1 mg/ml sheep IgG/PBS for at least
15 min. In some control measurements the final solution contained
100 MuM DNP-G, which was sufficient to saturate most of the ANO2
hapten-binding sites in that the ANO2 solution association constant
for DNP-G is 3 x 106M -' (Pisarchick and Thompson, 1990). In other
control measurements, monolayers first treated with 200 Ml of 1 ,M
F-(ANO2 Fab) (and 1 mg/ml sheep IgG) were subsequently washed
with 200 ,ul of 3 MM ANO2 Fab in PBS.
Fluorescence microscopy
The fluorescence arising from labeled antibodies on supported mono-
layers was measured with TIRFM as described (Pisarchick and
Thompson, 1990), with the following conditions: wavelength, 488 nm;
angle of incidence on the monolayer/solution interface, 750; laser
power, 30M,W; size ofthe illuminated area, 50 x 200Mgm; temperature,
25-280C. For these conditions and with the refractive indices of the
quartz substrate and solution approximately equal to 1.47 and 1.33,
respectively, the depth ofthe evanescent intensity is d 820 A (Pearce
et al., 1992). TIR-FPR recovery curves using evanescent illumination
were obtained as described (Burghardt and Axelrod, 1981 ), with the
following additional parameters: size ofthe illuminated area, 50 x 200
or 200 x 550 Mm; bleaching power, 0.5 W; bleaching duration, 50-200
ms; bleaching depth, 30-100%. Equilibrium binding curves and TIR-
FPR recovery curves were fit to functional forms using the nonlinear
Gauss-Newton routine in the ASYST software system (Asyst Software
Technologies, Rochester, NY).
RESULTS AND DISCUSSION
Equilibrium binding of F-(AN02 Fab)
to supported monolayers
Monolayers composed of DNP-cap-DPPE/DPPC
(25:75, mol/mol) or DPPC were deposited on octade-
cyltrichlorosilane-treated fused silica. Previous work has
shown that these monolayers, when doped with fluores-
cent lipid probes, are uniformly fluorescent within opti-
cal resolution, and that <10% of the fluorescent lipids
are laterally mobile with an apparent diffusion coeffi-
cient < 5 x 10-1s cm2/s (Pisarchick and Thompson,
1990).
The association at equilibrium ofF-(ANO2 Fab) with
DNP-cap-DPPE/DPPC and DPPC monolayers was ex-
amined with steady-state TIRFM. The bound F-(ANO2
Fab) was uniformly distributed on DNP-cap-DPPE
monolayers within optical resolution. The evanescently
excited fluorescence of F-ANO2 Fab, quantitatively
measured as a function of the Fab solution concentra-
tion, had the general appearance of a conventional satu-
ration curve (Fig. 1). In contrast, the fluorescence of
F-(ANO2 Fab) on DPPC monolayers was lower and lin-
ear with the Fab solution concentration (data not
shown). The fluorescence of two other types of control
samples, F-(mouse IgG Fab) on DNP-cap-DPPE/
DPPC monolayers and F-(ANO2 Fab) on DNP-cap-
DPPE/DPPC monolayers in the presence of saturating
amounts ofDNP-G, was also much lower than the fluo-
rescence of F-(ANO2 Fab) on DNP-cap-DPPE/DPPC
monolayers (Table 1 ). These results suggest that the ma-
jority ofthe measured fluorescence ofF-(ANO2 Fab) on
DNP-cap-DPPE/DPPC monolayers arose from Fabs
specifically bound to the monolayers through their hap-
ten-binding regions, consistent with previous results (Pi-
sarchick and Thompson, 1990).
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FIGURE I F-(ANO2 Fab) binding to DNP-cap-DPPE/DPPC mono-
layers. The evanescently excited fluorescence of F-(ANO2 Fab) on
DNP-cap-DPPE/DPPC monolayers increased and began to saturate
with increasing solution concentrations of F-(ANO2 Fab). The stan-
dard errors in the mean are smaller than the size of the plotted points.
The best fit ofthe data for DNP-cap-DPPE/DPPC monolayers to Eq. 2
(line) was for K = 1.6 X IO' M-'. The data have been normalized by
the best-fit value of F(oo).
The reversibility ofF-(ANO2 Fab) surface association
was tested by washing monolayers containing bound
F-(ANO2 Fab) with solutions containing unlabeled
ANO2 Fabs. When monolayers treated with 1 ,uM
F-(ANO2 Fab) were treated with a solution containing 3
,gM unlabeled ANO2 Fab, the evanescently excited fluo-
rescence was almost completely abolished (i.e., reduced
by - 95%) relative to the prewash fluorescence intensity.
The fraction of the evanescently excited fluorescence
that arose from bound F-(ANO2 Fab) rather than from
F-(ANO2 Fab) in solution but close enough to the sur-
face to be excited by the evanescent field was determined
by measuring the bleachable fraction (Schmidt et al.,
1990) using TIR-FPR (Thompson et al., 1981; Burg-
hardt and Axelrod, 1981). For 2.6,M F-(ANO2 Fab)
on DNP-cap-DPPE/DPPC monolayers, -90-100% of
the evanescently excited fluorescence was bleachable,
whereas, in the presence of 100,uM DNP-G, -80-90%
was bleachable. These results indicate that the majority
of the measured fluorescence on both types of mono-
layer surfaces was due to F-(ANO2 Fab) that was mem-
brane bound, rather than in solution but within the finite
depth ofthe evanescent field. Although some weak, non-
specific adsorption to the monolayer surfaces presum-
ably occurred even when the F-(ANO2 Fab) hapten-
binding sites were occupied, consistent with other re-
ports (Piepenstock et al., 1991), the measured
fluorescence in the absence of soluble hapten was much
higher, indicating that the majority of the bound
F-(ANO2 Fab) in the absence of DNP-G was attached
to the surface via the antigen binding region.
The measured fluorescence for F-(ANO2 Fab) on
DNP-cap-DPPE/DPPC monolayers was taken to be
proportional to the density of bound F-(ANO2 Fab)
(Pisarchick and Thompson, 1990). The apparent sur-
face association constant was obtained from the mea-
sured dependence of the fluorescence on the F-(ANO2
Fab) solution concentration. The simplest surface reac-
tion may be modeled as a reversible bimolecular reac-
tion between the Fabs in solution and haptens on the
surface, i.e.,
A+B C (la)
koff
K = kon= C (lb)koff AB (b
where C and B are the two-dimensional densities of
bound (occupied) and free (unoccupied) surface bind-
ing sites, A is the ligand solution concentration, K is the
apparent association constant, and kIn and koff are the
association and dissociation kinetic rates. The depen-
dence of the fluorescence, F, on the ligand solution con-
centration, A, for this mechanism is
F(A) =F(oo)KA (2)F() 1+KA
where F(oo) is the fluorescence when the F-(ANO2
Fab) solution concentration is infinite.
Curve fitting the measured values ofF(A) to the form
of Eq. 2 with K and F(oo) as free parameters gave K =
1.6 X I05 M -1. This value is consistent with a previous
and more thorough measurement ofthe apparent associ-
ation constant for tetramethylrhodamine-labeled ANO2
Fab on DNP-cap-DPPE monolayers (Pisarchick and
Thompson, 1990). This previous work also showed that
ANO2 Fab adsorption to the monolayers reached appar-
ent equilibrium after - 15 min, and that the ANO2 Fab
TABLE 1 TIRFM fluorescence intensities
Monolayer DNP-G Fluorescence
Ligand composition (100 1M) (103 photons/s)
F-(ANO2 Fab) DNP-cap-DPPE/ no 29.3 ± 2.4
DPPC
F-(ANO2 Fab) DNP-cap-DPPE/ yes 6.1 ± 1.8
DPPC
F-(ANO2 Fab) DPPC no 7.7 ± 0.6
F-(mouse IgG Fab) DNP-cap-DPPE/ no 4.6 ± 0.3
DPPC
The evanescently excited fluorescence of labeled Fabs on supported
monolayers was approximately fivefold higher for F-(ANO2 Fab) on
DNP-cap-DPPE/DPPC monolayers as compared to the control sam-
ples. The antibody solution concentrations were 2.6 gM. The mea-
sured fluorescence intensities were corrected for background intensity
and the relative fluorescence ofdifferent labeled antibody preparations.
Values are averages over nine or more measurements on each oftwo or
three independently prepared samples. Errors are standard deviations.
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FIGURE 2 TIR-FPR recovery curves for F-(AN02 Fab) on DNP-cap-DPPE/DPPC monolayers. A typical recovery curve for 3 ,M F-(AN02
Fab) on DNP-cap-DPPE/DPPC monolayers is compared to the best fits to Eq. 4 with (a) n = 1 and (b) n = 2. The residuals are shown in the insets.
solution concentrations adjacent to the monolayers were
equal to the applied concentrations.
The density of bound F-(ANO2 Fab) was calculated
from the measured ratio
C - f31F1
Ad [1 - 02F2
where ,1 and i2 and F1 and F2 were the bleachable frac-
tions and the mean fluorescence intensities ofF-(ANO2
Fab) on DNP-cap-DPPE/DPPC monolayers in the ab-
sence and presence of 100 gM DNP-G, respectively
(Pearce et al., 1992; Poglitsch et al., 1991). The mea-
sured parameter values for A = 2.6 MuM and d = 820 A
were #, 0.95, /2 0.85, and F1/F2 5, so that C
4,100 molecules/,um2. This value together with the mea-
sured value of K implies that the density of F-(ANO2
Fab) on DNP-cap-DPPE/DPPC monolayers at satura-
tion would be N 13,800 molecules/,Mm2.
Surface binding kinetics of F-(AN02
Fab) on supported monolayers
TIR-FPR was used to investigate the kinetics of
F-(ANO2 Fab) binding to DNP-cap-DPPE/DPPC
monolayers. The characteristic times ofTIR-FPR recov-
ery curves for F-(ANO2 Fab) on DNP-cap-DPPE/
DPPC monolayers were on the order of seconds and the
recovery was nearly complete after 30 s (Fig. 2).
The TIR-FPR recovery curves were analyzed with a
multi-exponential function, i.e.,
n
F(t) = F(-) + [F(O) - F(-)] rie-ki (4a)
i=O
n
1=E ri (4b)
i=O
where F(-) was the known prebleach fluorescence, ko
was assumed to equal zero, n was the number of revers-
ible components (which varied from one to three), and
the 2n + free parameters were F(0), ri, and ki (for i =
1 to n). The fraction ofbound, bleached F-(ANO2 Fab)
that did not exchange with solution phase F-(ANO2
Fab) during the time range of fluorescence recovery, ro,
was calculated from the best-fit values of ri (for i = I
to n) and Eq. 4b.
TIR-FPR recovery curves were not well fit by Eq. 4
with one reversible component (n = 1), but could be
adequately fit by this equation with either two (n = 2) or
three (n = 3) reversible components. The mean value of
the F-statistic ofthe chi-squared goodness-of-fit parame-
ter for comparing the one- and two-component fits was
116, well above the critical value of 3 (Wright et al.,
1988), whereas the mean F-statistic for comparing the
two- and three-component fits was 1. Therefore, the
data were best described by two reversible components.
The best-fit values ofthe two rates, k, and k2, their asso-
ciated fractional recoveries, r, and r2, and the irreversible
fraction, ro, are shown in Table 2 for different sample
types.
The best-fit parameters for TIR-FPR recovery curves
changed little when the duration of the bleach pulse was
changed by a factor of four, from 50 to 200 ms. Overall,
the magnitudes of the rates k, and k2 changed by <20%
(e.g., from 0.10 to 0.08 s'- ) and the fractional recoveries
changed by <5% (e.g., from 0.50 to 0.48). This result
argues against the presence of photo-induced artifacts
such as the formation ofcovalent crosslinks between sur-
face bound proteins (e.g., Sheetz and Koppel, 1979) and
demonstrates that the bleaching pulse was short enough
to be effectively infinitesimal.
TIR-FPR recovery curves for simple
bimolecular surface reactions
Previous theoretical work (Thompson et al., 1981) has
shown that, for the simple binding mechanism shown in
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TABLE 2 TIR-FPR rates and fractional recoveries
[Fab] Area k, k2
(6M) (Am x Am) (s-') (s-') r, r2 ro
1 50x 200 0.11 ±0.01 1.22 ±0.16 0.35 ±0.03 0.48 ±0.02 0.17 ±0.03
3 50 x 200 0.10 ± 0.01 1.31 ± 0.16 0.31 ± 0.04 0.49 ± 0.04 0.20 ± 0.04
5 50 x 200 0.11 ± 0.01 1.13 ± 0.02 0.32 ± 0.01 0.47 ± 0.02 0.21 ± 0.01
10 50 x 200 0.11 ± 0.01 1.23 ± 0.04 0.29 ± 0.01 0.52 ± 0.01 0.18 ± 0.01
1 200 x 550 0.09 ± 0.02 1.17 ± 0.17 0.37 ± 0.01 0.47 ± 0.02 0.16 ± 0.02
10 200 x 550 0.10 ± 0.01 1.21 ± 0.04 0.29 ± 0.01 0.54 ± 0.01 0.17 ± 0.01
The best-fit values of the off rates, k, and k2, and the fractional recoveries, ro, r1 and r2, were not significantly different for four different F-(ANO2
Fab) solution concentrations or for different illumination areas. Each value is the mean and standard error in the mean of 3-45 recovery curves
from three to five independently prepared DNP-cap-DPPE/DPPC monolayers.
Eq. la and for a large illuminated area, the form of the
TIR-FPR recovery curve is a rather complex function
that depends on the intrinsic dissociation rate, k0ff, and a
transport rate, RN, where
Ds,in(I +KA)2 (5)
and Dsoln is the ligand diffusion coefficient in solution.
RN is the rate of transport in solution through a slab of
thickness C/A, which gives the depth of a layer next to
the surface that contains a two-dimensional density of
unbleached molecules sufficient to replace the density of
surface-bound, bleached molecules. If k0ff > RN, then
TIR-FPR recovery curves are predicted to be "diffusion
limited." In this case, the recovery curve depends only
on RN and is not monoexponential, and the recovery
rate changes with the F-(ANO2 Fab) solution concen-
tration, A, as shown in Eq. 5. If koff < RN, the recovery
curve is "reaction limited" and is a single exponential
with rate koff, and the recovery rate is independent ofthe
ligand solution concentration.
ForK = 1.6 X 105 M`1 Dsoln = X 10-7cm2/s, N=
13,800 molecules/,gm2, and A = 1-10 ,uM, RN ranges
from 5 to 25 s-'. These values are higher than the ob-
served recovery rates, koff 0.1-1 s-, suggesting that
the TIR-FPR data are reaction limited. The data were
independent of the F-(ANO2 Fab) solution concentra-
tion over a range that corresponded to a fractional sur-
face site saturation of 14-62% (forA = 1-10 M), con-
firming that the recovery curves were reaction limited.
In theory, another fundamental transport rate may
also affect TIR-FPR data (Thompson et al., 1981 ). This
rate is related to the semi-minor axis of the illuminated
elliptical area, denoted by s, and equals
R 52 (6)
For s 25 ,um and Dsoln 5 X 10-7 cm2/s, RL 0.08
s-', which is only slightly lower than the observed fluo-
rescence recovery rate. However, in caseswhere the trans-
port process associated with RL plays a role in the fluores-
cence recovery, the observed recovery rate should be
strongly dependent on the size of the illuminated area,
but the TIR-FPR recovery curves for F-(ANO2 Fab) on
DNP-cap-DPPE/DPPC monolayers did not measur-
ably change when the semi-minor axis of the elliptical
illuminated area was changed by a factor of four (Table
2). Thus, because RN > RL, replenishment of surface-
bound, bleached molecules occurred primarily through
solution diffusion normal to the interface (RN) and dif-
fusion lateral to the interface (RL) did not limit the rate
of fluorescence recovery.
If surface-bound, fluorescently labeled ligand under-
goes diffusion along the surface, a third transport rate
may affect the rate of fluorescence recovery. This rate is
given by
_ Dsurf
S 2 (7)
where DSUff is the diffusion coefficient of membrane-
bound ligand. The maximum surface diffusion coeffi-
cient of bound F-(ANO2 Fab) may be estimated as the
lipid diffusion coefficient (<10-10 cm2/s) and s > 25
,um, so that RS ' 2 X 10-1 s. Thus, RS is much slower
than the observed rate of fluorescence recovery. This cal-
culation, together with the observation that the fluores-
cence recovery curves did not change with the size ofthe
illuminated area, indicates that potential translational
mobility ofF-(ANO2 Fab) along the membrane surface
was negligibly slow. This result rules out modes oftrans-
lational mobility in which Fabs move rapidly over the
lipid surface or move by fast and sequential membrane
dissociation and association.
In the limit where the transport rates do not affect the
rate of fluorescence recovery, the shape of the TIR-FPR
recovery curve for the simple mechanism shown in Eq.
la is a single exponential, i.e., F(t) is given by Eqs. 4a
and 4b with n = 1 and rO = 0 (Thompson et al., 1981 ).
Therefore, because the observed data were not monoex-
ponential with time, the association of F-(ANO2 Fab)
with DNP-cap-DPPE/DPPC monolayers must involve
a more complex surface binding mechanism. A possible
explanation for the observed nonmonoexponential TIR-
FPR recovery curves is considered below.
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The measured dissociation rates for F-(ANO2 Fab)
on DNP-cap-DPPE/DPPC monolayers were k1 0.1
s-' and k2 - 1 s' (Table 2). These dissociation kinetic
rates are much slower than those previously measured
for ANO2 Fab with DNP-diglycine in solution (keff
100 s-'; Theriault et al., 1991). This comparison sug-
gests that the mechanism for the association of ANO2
Fabs with haptens on membrane surfaces differs signifi-
cantly from the mechanism for interaction with haptens
in solution.
The apparent dissociation rates, together with the
measured apparent association constant K 105 M -,
imply an apparent on rate of 104-105 M-1 s-'. This
value is much lower than that previously measured for
ANO2 Fabs and DNP-diglycine in solution (Theriault et
al., 1991) and than theoretical estimates for the diffu-
sion-limited on rate for a protein ligand with a small
molecule in solution or on a membrane surface (Berg
and von Hippel, 1985). Similarly low values ofapparent
on rates have recently been measured for epidermal
growth factor on cell membranes (2 X> 106 M-' s'-; Hel-
len and Axelrod, 1991) and for bovine prothrombin
fragment 1 on model membranes (10 M-' s-'; Pearce
et al., 1992). On rate values that are much lower than the
upper limit set by transport theory imply that a large
fraction of the collisional encounters between protein
molecules in solution and the membrane surface do not
result in successful membrane binding.
Multiple conformations of bound
antibodies
One possible explanation for the observed multi-expo-
nential TIR-FPR recovery curves for F-(ANO2 Fab) on
DNP-cap-DPPE/DPPC monolayers is that the bound
F-(ANO2 Fab) assume more than one membrane-
bound state. This type of Fab-hapten binding mecha-
nism has previously been suggested for Fab-hapten ki-
netics in solution (Voss, 1990; Kranz et al., 1982; Deni-
zot et al., 1979; Pecht and Lancet, 1977; Maeda et al.,
1977). In this mechanism,
kon( I) kon(2)
A+B I C (8a)
k.ff ( 1) koff (2)
kK, (l) = (8b)
kon(2) C
K2-k= f(2) (8c)
K=K1(K2+1) (8d)
where I is a bound intermediate, kon(i) and koff(i) are
kinetic rates, the Ki are association constants, and K is
the apparent association constant. For this mechanism,
the equilibrium binding data would be ofthe shape given
in Eq. 2 and the reaction-limited TIR-FPR fluorescence
recovery curves would be of the shape given in Eqs. 4a
and 4b with n = 2 and ro = 0 (Hsieh and Thompson,
unpublished results). Neglecting the irreversible fraction
r, [k1 - p][k0ff(l) - k2]
r, + r2 [k1- k2][koff(1) - p]
2k1,2 = p VP2 - 4koff( 1)koff(2)
p = koff( 1 ) + kon(2) + koff(2)
(9a)
(9b)
(9c)
Algebraic manipulation of Eqs. 8 and 9 shows that the
measured apparent association constant K 1.6 x 105
M-' s-' and kinetic parameters k, 0.11 s-', k2 1.2
s-1, r1 0.32, and r2 0.49 (Table 2) may be used to
calculate the kinetic rates and dissociation constants
shown in Eqs. 8a-8c by the following procedure: p 1.3
s-' is the sum of k1 + k2 (Eq. 9b); k0ff(1) 1.1 s-',
k0ff(2) 0.12 s'-, and k0n(2) 0.056 s'- are obtained
by sequentially inverting Eqs. 9a, 9b, and 9c, respec-
tively; K2 0.48 and K1 1.1 X 105M -1 are calculated
from Eqs. 8c and 8d, respectively; and k0n( 1.2 x
105 M-1 s-I is then obtained from Eq. 8b.
For this mechanism, the data imply that the faster ob-
served rate corresponds to dissociation of F-(ANO2
Fab) in the intermediate state, I, from the membrane
and that the slower rate corresponds to conversion, on
the membrane, ofF-(ANO2 Fab) from state C to state I,
followed by a more rapid membrane dissociation. The
association constant K2 for conversion between states I
and C is approximately equal to one, which means that
the bound F-(ANO2 Fab) are distributed in approxi-
mately equal amounts between the two bound states.
Other mechanisms
The presence of an impurity in the Fab preparations,
which could in theory give rise to the observed nonmono-
exponential surface binding kinetics, is not likely. Non-
denaturing SDS-PAGE ofoverloaded gels that were visu-
alized by silver staining showed that the Fab prepara-
tions were at least 97% pure. The primary "impurity"
was oflow molecular weight ( 25 kD) and appeared to
be an artifact caused by the SDS in which the ANO2
light chain and heavy chain fragments ran separately
from the intact ANO2 Fab. Furthermore, no amount of
contaminating, intact ANO2 was detectable. The mea-
sured apparent association constant of tetramethylrho-
damine-labeled intact ANO2 on DNP-cap-DPPE/
DPPC monolayers is only 10-fold higher than that of
tetramethylrhodamine-labeled, ANO2 Fab (Pisarchick
and Thompson, 1990). Therefore, a fractional impurity
of <1% intact ANO2 could not contribute significantly
to the measured TIR-FPR recovery curves.
Another possible explanation for the nonmonoexpo-
nential TIR-FPR recovery curves is that the DNP-cap-
DPPE/DPPC membrane surfaces contain two different
types of antibody binding sites. The two binding site
types could arise from different physical dinitrophenyl
orientations; for example, coexistent lipid domains have
previously been observed in single phospholipid mono-
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layers (e.g., Seul et al., 1985; McConnell et al., 1984),
and if such a domain structure existed in DNP-cap-
DPPE/DPPC monolayers the different domains could
present hapten to ANO2 Fab with different efficiencies.
Different binding site types might in general also be re-
lated to the observation that some F-(ANO2 Fab) may
bind to DNP-cap-DPPE/DPPC monolayers even when
the hapten-binding regions are fully occupied by DNP-G
from solution, i.e., the F-(ANO2 Fab) might bind both
"specifically" and "nonspecifically" to the membrane
surfaces.
The predicted shape of the equilibrium binding curve
for the case in which the membrane surfaces contain
different binding site types is not ofthe form ofEq. 2, but
instead contains components related to the different asso-
ciation constants for reaction with the different surface
sites types (Pearce et al., 1992). Thus, the TIR-FPR data
would imply within this model of multiple binding site
types that the monolayers have three types of binding
sites with approximately equivalent abundances, where
two site types had measurable dissociation rates ( sec-
onds) and one had a very slow dissociation rate (> min-
utes). However, consistency with the equilibrium data
could be maintained only ifthe association constants for
the three site types were approximately equal, so that the
different off rate magnitudes were offset by correspond-
ingly different on rate magnitudes. Previous work has
shown that the equilibrium binding curve for tetrameth-
ylrhodamine-labeled ANO2 Fab is well described by Eq.
2 and does not contain components with different associ-
ation constants (Pisarchick and Thompson, 1990).
Thus, the mechanism of multiple binding sites types is
considered to be unlikely.
Another plausible explanation for the observed non-
monoexponential TIR-FPR recovery curves is that the
DNP groups on the surfaces of the DNP-cap-DPPE/
DPPC monolayers maintain a dynamic equilibrium be-
tween antibody accessible and inaccessible states. This
phenomenon has previously been observed for anti-hap-
ten antibodies and phospholipid vesicles that contain
hapten-conjugated phospholipids (Stanton et al., 1984;
Petrossian and Owicki, 1984; Balakrishnan et al.,
1982b). However, for this mechanism, reaction-limited
TIR-FPR recovery curves would be monoexponential in
shape (Hsieh and Thompson, unpublished results).
Two prior reports at first suggest that direct interac-
tions between F-(ANO2 Fab) in solution or on the
membrane surface might give rise to the observed non-
monoexponential surface kinetics. First, the ability of
membrane-bound bivalent antibodies to form two-di-
mensional crystals is well documented (e.g., Uzgiris and
Kornberg, 1983; Uzgiris, 1986), and one previous work
has suggested that intermediate states in which mem-
brane-bound antibodies are arranged in small clusters
may exist (Wright et al., 1988). Although in theory at-
tractive or repulsive interactions among monolayer-
bound Fab or Fab-phospholipid complexes could give
rise to complex kinetic recovery curves, this possibility is
considered unlikely because the data do not depend on
the antibody solution concentration and therefore do
not depend on the antibody surface density. Second, the
AN02 antibody appears to be an auto-antibody so
AN02 Fabs can form dimers in solution (Theriault et
al., 1991 ); however, the dimers occur only at concentra-
tions 2 100 ,uM, well above the solution concentration of
F-(AN02 Fab) used in this work. Finally, a mechanism
in which the nonmonoexponential kinetics result from
decreased on rates at high F-(AN02 Fab) surface densi-
ties, due to a putative reshuffling of bound F-(AN02
Fab) that might be required to produce new binding
sites, is also considered to be unlikely because the data do
not depend on the F-(AN02 Fab) surface density.
SUMMARY
This work is one ofthe first demonstrations ofTIR-FPR
as a method for measuring the dissociation kinetics of
fluorescently labeled protein ligands at specific sites on
model membrane surfaces. The data demonstrate that
this technique can yield quantitative kinetic data for pro-
tein-membrane association processes. The results show
that, for F-(AN02 Fab) on DNP-cap-DPPE/DPPC
membranes, the fluorescence recovery curves are reac-
tion limited, and therefore contain information about
the intrinsic dissociation process rather than solution
transport. In addition, the recovery curves are not mono-
exponential and the measured kinetic rate constants are
much different from those for AN02 Fab with dinitro-
phenylated haptens in solution, implying that the
F-(AN02 Fab) does not interact with DNP groups on
the membrane surface via a simple, reversible bimolecu-
lar reaction. Future investigations may provide a more
thorough understanding of the conversion between
monovalent and bivalent attachment of antibodies at
membrane surfaces (Pisarchick and Thompson, 1990),
the role of these kinetics in the lateral (Wright et al.,
1988) and rotational (Timbs and Thompson, 1990) mo-
bility ofbound antibodies, and the mechanism by which
bound antibodies on planar model membrane surfaces
form two-dimensional crystals (Uzgiris and Kornberg,
1983).
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